Gender-and Age-Specific Cytotoxic Susceptibility to Benzene Metabolites in Vitro. Corti, M., and Snyder, C. A. (1998). Toxicol. Sci. 41,[42][43][44][45][46][47][48] Benzene, a widely used compound, is a known carcinogen and hematopoietic toxicant. Several studies have shown gender and age differences in the responses to benzene-induced hematotoxicity. It is not known if these differences in response are due to ageor gender-associated metabolic differences or to age-or genderassociated differences in the susceptibilities of the target cells. In order to address this issue, mouse colony-forming units-erythroid (CFU-e, an erythroid precursor cell particularly susceptible to benzene toxicity) were cultured in the presence of either individual benzene metabolites or binary mixtures of these metabolites. CFU-e were obtained from unexposed age-matched adult male and female (both virgin and pregnant) Swiss Webster (SW) mice and from SW male and female 16-day fetuses. The metabolites used were phenol, hydroquinone, catechol, benzoquinone, and fra/is,frans-muconic acid. The concentrations of the individual metabolites used were 10, 20, and 40 jiM. Binary mixtures of metabolites were prepared using the lowest concentrations of the individual metabolites that caused cytotoxicity. These concentrations were 10 jiM for hydroquinone, catechol, and benzoquinone, and 40 jiM for phenol and muconic acid. In general, the CFU-e from adult females (both virgin and pregnant) were more resistant to the toxic effects of the individual metabolites than CFU-e from other subjects. CFU-e from adult males were more susceptible to the cytotoxic effects of hydroquinone and benzoquinone than CFU-e from other subjects and CFU-e from both male and female fetuses were highly sensitive to the toxic effects of catechol. On the other hand, CFU-e from adult males were less susceptible to the cytotoxic effects of catechol than CFU-e from other subjects. Similar results were observed with binary mixtures of metabolites. CFU-e from adult males were more susceptible to the binary mixtures than CFU-e from virgin females and CFU-e from fetal males were more susceptible than CFU-e from fetal females. In addition, CFU-e from fetuses were more resistant than CFU-e from adults to the cytotoxic effects of those binary mixtures that did not contain catechol. In contrast, binary mixtures containing catechol were more toxic to fetal cells than to adult cells. These results suggest that differences in benzene hematotoxicity associated with gender and age may be due, at least in part, to intrinsic
U.S. production of benzene, a known carcinogen, was 2.1 billion gallons in 1996 (Chem. Eng. News, 1997) . Sources of personal exposure to benzene include cigarette smoke, automobile exhaust, gasoline, consumer products such as paints, adhesives, and rubber, and indoor and outdoor air near certain industrial sites (Wallace, 1989; 1990) .
In both humans and animal models the main target organ of benzene toxicity is the hematopoietic system (for a recent review see Imbriani et al., 1995) . Although benzene targets all hematopoietic cell lineages, erythrocytic and lymphocytic cells appear to be particularly susceptible (Snyder, 1988) . Benzeneinduced changes in an erythrocytic progenitor cell, the colony forming unit-erythroid (CFU-e), are particularly dramatic. For example, CFU-e cultured with various benzene metabolites are more sensitive than other hematopoietic progenitor cells (Seidel et al., 1991) and CFU-e from adult and fetal male mice exhibit depressed growth after exposure to 10 ppm benzene (Baarson et al., 1984; Corti and Snyder, 1996) .
Benzene itself is noncytotoxic except at extremely high concentrations (Lee et al, 1988) . When benzene is metabolized by the cytochrome P450 monoxygenase system, transient reactive oxygen species are produced in addition to stable metabolic products (Snyder, 1987) . Some benzene metabolites (Hedli el al., 1991; Lee et al., 1989) as well as reactive oxygen species (Gorsky and Coon, 1984) have been shown to be cytotoxic to bone marrow cells and several studies have demonstrated synergistic enhancements of hematotoxicity by mixtures of specific benzene metabolites (Guy et al., 1990; Eastmond et al., 1987) . It is therefore widely held that certain benzene metabolites and the reactive oxygen species transiently formed during metabolism are the ultimate causes of benzene-induced hematotoxicity.
Animal studies indicate that males and females have differing susceptibilities to the toxicity of benzene. CFU-e numbers from male Swiss Webster mice are depressed after exposure to 10 ppm benzene for 10 consecutive days whereas CFU-e from females are not (Corti and Snyder, 1996) . Similarly, fetal males exposed to 10 ppm benzene in utero exhibit reduced numbers of CFU-e when reexposed to benzene as adults whereas female litter mates do not (Keller and Snyder, 1986) . In addition, male mice exposed to benzene exhibit more metaphase aberrations and micronuclei in the bone marrow than similarly exposed females (Meyne and Legator, 1980) . Although the results of animal studies are persuasive for gender differences in benzene toxicity, the evidence for gender differences in benzene toxicity among humans is suggestive but not conclusive. In studies of over 70,000 men and women exposed to benzene, there were statistically significant increases in risks among both genders for all lymphohematopoietic malignancies and for aplastic anemia and myelodysplastic syndrome (Li et al., 1994; Yin et al., 1996) . Although the calculated risks in these studies tended to be higher among men, these elevations were not statistically significant.
Animal studies also indicate that CFU-e isolated from different mouse strains and exposed in vitro to benzene metabolites exhibit different susceptibilities to the cytotoxic effects of the metabolites whether they were administered singly or as binary mixtures (Neun et al., 1992) . This strongly implies that some of the strain differences observed in the hematotoxicity of benzene are due to strain-related inherent differences within the target cells. The purpose of the present study is to determine whether gender and age confer similar inherent differences in the susceptibilities of CFU-e to the cytotoxic metabolites of benzene.
METHODS
Mice. Six-week-old male and female Swiss Webster mice (Charles River Laboratories) were housed in a climate-controlled environment with filtered air and were quarantined for 2 weeks before use. Mice were given food (Purina) and water ad libitum.
Timed pregnancies. Stages of estrus were determined from vaginal smears from virgin female mice. Smears were obtained by lavaging females using fire-polished glass Pasteur pipettes three to five times with sterile injectable saline and dropping the resultant cell suspension on slides. Slides were allowed to dry in ambient air or under a strong exhaust-hood-generated flow of air and stained immediately with Cameo Quik Stain (American Scientific Products, McGaw Park, IL). Slides were evaluated immediately. One to two females in late-proestrus to mid-estrus were housed with breeding males for up to 12 h. Breeding males were between 8 and 30 weeks of age while virgin females were between 8 and 12 weeks of age.
Cell suspensions. Supplemented alpha media (SAM) was prepared as follows: alpha media was rehydrated from powder (Gibco, Grand Island, NY) per the manufacturer's instructions and supplemented to a final concentration of 0.1 mM nonessential amino acids, 1 mM sodium pyruvate, 2 mM Lglutamine, 2% penicillin-streptomycin-neomycin, and 2% fetal calf serum (all obtained from Gibco).
Mice were terminated by cervical dislocation. Femurs were excised and freed of excess adherent tissue. Each end of the femur was removed with a sterilized scalpel and immediately placed in a dry, sterile petri dish on ice. The marrows were removed by flushing the femurs with SAM using a 3-cc syringe fitted with a 25-gauge needle. Single cell suspensions were prepared by repeated trituration with a fire-polished glass Pasteur pipette.
Fetuses were dissected from cervically dislocated dams and decapitated with scissors. Livers were removed by inserting a sterile Pasteur pipette directly into the peritoneal cavity and pipetting out liver tissue. The tissue was placed directly into SAM (4°Q and triturated several times until single cell suspensions were formed.
Cell suspensions were pelleted by centrifuging at 160g for 7 min at 4°C. The pellet was resuspended in 1 ml (bone marrow) or 2 ml (fetal liver) of SAM. Cells were counted with a Model ZM Coulter electronic cell counter (Coulter Electronics, Hialeah, FL).
Experimental designs. Bone marrow cells from unexposed, age-matched adult males, pregnant and virgin females, and liver cells from 16-day fetal males and females were cultured for CFU-e with 0, 10, 20, or 40 uM phenol (99% pure, Aldrich Chemical Company, Milwaukee, WI), muconic acid (98% pure. Aldrich), hydroquinone (99% pure, Aldrich), catechol (99% pure, Aldnch), or benzoquinone (98% pure, Aldrich). Metabolites were dissolved in NCTC-109 (Whittaker M.A. Bioproducts, Walkersville, MD) just prior to use. Catechol and phenol required 60 sec of sonication in a room temperature water bath to insure complete dissolution.
CFU-e were also exposed in vitro to all possible binary combinations of 40 iiM phenol (Phe), 40 iiM muconic acid (Ma), 10 /xM hydroquinone (Hq), 10 /xM catechol (Cat), and 10 fiM benzoquinone (Bq) resulting in the following combinations: Phe + Ma, Phe + Hq, Phe + Cat, Phe + Bq, Ma + Hq, Ma + Cat, Ma + Bq, Hq + Cat, Hq + Bq, Cat + Bq CFU-e cultures. CFU-e were enumerated according to a modification of a method originally described by McLeod et al.. (1974) . Bone marrow suspensions and fetal liver cell suspensions were diluted with culture media to final concentrations of 7.5 X 10 5 cells per ml and 2.0 X 10 5 per ml, respectively Culture media consisted of 20% fetal calf serum (Gibco), 10* beef embryo extract, lyophilized and reconstituted (Gibco), 0.75% bovine serum albumin fraction V (Gibco), 10% \0~* M a-thioglycerol (Sigma Chemical Co., St. Louis, MO), 10% erythropoietin (Amgen Biologicals, Thousand Oaks, CA) diluted to 4 units per ml in alpha media supplemented with 1 % bovine serum albumin, 10% NCTC-109 containing the benzene metabolites (see above), and 10% citrated bovine plasma (Colorado Serum Company Laboratories, Denver, CO, or Quad 5, Ryegate, MT). One hundred microliters of the final cell suspension in culture medium was plated in Linbro 96-well U-bottomed plates cut into 4-well units. Sixteen individual cell cultures per original cell suspension were prepared. After forming into a semisolid clot, cultures were placed in a humidified, 37°C incubator containing 5% CO 2 in air for 48 h. Twelve of the 16 clots were then randomly removed from wells, placed onto slides, and fixed with a phosphate-buffered 2.5% glutaraldehyde solution. The slides were stained immediately with benzidine (Aldrich) and hematoxylin (Baxter Scientific). Six clots per cell suspension were randomly selected and CFU-e colony counts were enumerated by light microscopy.
Analysis of results.
CFU-e colonies were enumerated from six clots each from a given subject (adult male, adult pregnant female, adult virgin female, fetal male, fetal female) for each metabolite concentration or each binary mixture. The numbers of CFU-e colonies from a given subject growing in a particular metabolite concentration or in a particular metabolite binary mixture were divided by the mean number of control CFU-e for that subject These percentages of control data were then analyzed by a three-factor analysis of variance (subject X metabolite X concentration) and a two-factor analysis of variance (metabolite X concentration) if the three-factor analysis of variance indicated significant subject differences. Data from the binary mixture study were analyzed by a two-factor analysis of variance (subject X metabolite mixture). When the two-factor analyses of variance indicated significant differences, Dunnett's test (Dunnett, 1964) for multiple comparisons was employed to determine significant differences between individual treatments.
RESULTS
Of the five benzene metabolites studied, hydroquinone and benzoquinone are the most cytotoxic metabolites to CFU-e ( Fig. 1) . With these two metabolites there is a dose-dependent decrease in the numbers of CFU-e colonies, regardless of the source of these cells; however, cells from adult males show particular sensitivity to these metabolites. Results with catechol show more gender-and age-related variability in the responses. Fetal cells from both genders are most sensitive to catechol while cells from adult males are least sensitive to this metabolite. Phenol exerts its effects primarily on cells isolated from adult virgin females and fetal females. At 40 piM phenol, there is also a depression in cells isolated from fetal males. Muconic acid only depresses the growth of cells isolated from pregnant females and only at the highest concentration studied (40 iiM).
All possible binary combinations of 40 /xM phenol, 40 /i.M muconic acid, 10 /AM hydroquinone, 10 ptM catechol, and 10 /LIM benzoquinone were added to cultures of CFU-e from the five subject groups (Fig. 2) . All of the binary mixtures impeded the growth of CFU-e colonies from adult males compared to 
FIG. 2. Comparison of the effects of binary mixtures of metabolites on CFU-e colony numbers in vitro
Values expressed as die percentage of the number of CFU-e colonies in cultures without metabolites (means of six cultures ± SE). Numbers of control colonies-adult males, 403 ± 23; adult nonpregnant females, 423 ± 16; pregnant females, 487 ± 24; fetal males, 471 ± 17; fetal females, 458 ± 36. 'Significant difference between the two subjects compared (p < 0.05). unexposed CFU-e from adult males (percentage of control values for adult males in Fig. 2A) . Similarly, 9 of the 10 binary mixtures impeded the growth of CFU-e colonies from adult, nonpregnant females compared to their respective controls (percentage of control values for adult, nonpregnant females in Fig. 2A ). The only binary mixture that was without effect on these cells was muconic acid + benzoquinone ( Fig. 2A) . CFU-e colony growth from both pregnant females (Fig. 2B) and fetal males (Fig. 2D) was reduced compared to their respective controls by 6 of the 10 binary combinations of metabolites. CFU-e from fetal females showed the most resistance to the growth inhibitory effects of the binary mixtures. Only 5 of the 10 binary mixtures reduced the colony growth of CFU-e isolated from fetal females (Fig. 2C) .
When the effects of binary mixtures of metabolites were compared between subjects, several consistent patterns became apparent. For 6 of the 10 binary combinations of metabolites there were significant reductions in colony growth by cells isolated from adult males relative to cells isolated from adult females ( Fig. 2A) . No binary combination caused a reduction in growth of cells isolated from adult females relative to cells isolated from adult males (Fig. 2A) . In contrast, no such pattern appeared when the relative responses of CFU-e from nonpregnant and pregnant females were compared (Fig. 2B) . Three of 10 combinations significantly reduced the numbers of CFU-e colonies from virgin females vs pregnant females but 2 of the 10 combinations significantly reduced the numbers of CFU-e colonies from pregnant females vs virgin females (Fig. 2B) . When the responses of CFU-e isolated from adults and fetuses were compared, fetal CFU-e were more resistant to those binary mixtures that did not contain catechol but more susceptible to those binary mixtures that did contain catechol. All 6 of the catechol-free combinations reduced the growth of colonies produced by cells isolated from adult males relative to cells isolated from fetal males (Fig. 2D) . In addition, of the 6 catechol-free binary mixtures, 4 reduced the growth of colonies produced by cells isolated from adult females relative to cells isolated from fetal females (Fig. 2C) . In stark contrast, all binary combinations containing catechol inhibited colony growth of cells isolated from fetal mice relative to cells isolated from adults regardless of gender (Figs. 2C and 2D ). When the responses of cells isolated from fetal mice were analyzed by gender, 5 of the binary mixtures depressed growth in cells isolated from males relative to females (Fig. 2E) . No binary mixture reduced the growth of cells isolated from females relative to males (Fig. 2E) .
DISCUSSION
Several animal studies have shown that there are gender-and age-associated differences in susceptibility to the hematotoxic effects of benzene (Corti and Snyder, 1996; Keller and Snyder, 1986; Meyne and Legator, 1980) . Because there is abundant evidence that the hematotoxic effects of benzene are due to the metabolites and reactive oxygen species generated during benzene metabolism (Snyder, 1987) , it is likely that gender-and age-associated differences in benzene metabolism accounts for some of these observed differences in toxicity. However, gender-and age-associated differences in target cell sensitivity to benzene metabolites may also play a role in these observed differences. In the studies performed here, five of the major benzene metabolites were used in protocols to determine whether differences in target cell sensitivity could account, in part, for gender-and age-associated differences in susceptibility to benzene. The effects of the metabolites, used alone or in binary combinations, were assessed on the colony growth of the erythroid progenitor, CFU-e. This is a very sensitive assay for the hematotoxicity of benzene metabolites and was used previously in this laboratory to determine strain-specific differences in target cell susceptibility to benzene metabolites (Neun et al., 1992) .
The studies employing three concentrations of individual metabolites demonstrated that hydroquinone was the most toxic benzene metabolite to cells isolated from adult mice regardless of gender or pregnancy status and that catechol was the most toxic metabolite to cells isolated from fetal mice regardless of gender (Fig. 1) . Moreover, it was determined that CFU-e from adult males were most sensitive to both hydroquinone and benzoquinone (Figs. 1C and ID) . Neither hydroquinone nor benzoquinone had differential effects on CFU-e isolated from any of the other subjects (Figs. 1C and ID) . These studies therefore demonstrate both age-and genderrelated differential susceptibilities among CFU-e to individual metabolites of benzene.
The increased sensitivity to benzoquinone and hydroquinone in CFU-e isolated from adult males conforms to our earlier observation of enhanced erythrotoxicity to these cells in adult males after in vivo exposure to benzene (Corti and Snyder, 1996) . Serum estrogen levels may account for these observed differences in CFU-e susceptibilities. Serum estrogen levels are five times higher in adult females than in adult males, and during pregnancy, serum estrogen levels increase dramatically and cross the placental barrier resulting in higher levels of estrogens in fetuses (Solomon and Friesen, 1968) . Estradiol has been shown to prevent hypotonic hemolysis in vitro and it has been theorized that there is an estrogen-mediated stabilization of cell membranes that inhibits the influx of mutagens into erythroblasts (Nagae et al., 1991) . If this is so, cells from adult males would be protected least of the cells assayed in the present study.
Catechol is more cytotoxic to CFU-e from fetuses than to CFU-e from adults of either gender (Fig. IE) . In addition, CFU-e from adult males are relatively resistant to the cytotoxic effects of catechol compared to CFU-e from other subjects (Fig. IE) . Differences between adult and fetal erythroid cells have been well established, including differences in sensitivity to growth hormones, membrane antigenic expression, and types of hemoglobin produced by the cells (Migliaccio and Migliaccio, 1988; Hakomori, 1981; Slaper-Cortenbach et al, 1987; Andreux et al, 1991) . Fetal erythrocytes also differ from adult erythrocytes in enzymatic activity. Several glycolytic enzymes have higher activity in fetal erythrocytes than in adult erythrocytes (Kahn et al, 1977) and may account for the observed differences in susceptibility to catechol in these studies. The relative resistance of CFU-e from adult males to catechol is not readily explainable but the observation does support gender-based differential target cell susceptibility to the benzene metabolites.
Phenol and trans,trans-muconic acid are either nontoxic or only mildly toxic to CFU-e from all of the subjects (Figs. 1A and IB). These results are consistent with those of previous studies (Neun et al, 1992; Seidel et al., 1991) . In vitro hematotoxicity by phenol has been observed at concentrations starting at 400 /xM (Seidel et al., 1991) , which is 10 times the highest concentration employed in this study. The low toxicity of phenol indicates that there is minimal metabolism of phenol to the toxic polyhydroxylic benzene metabolites within the CFU-e culture system.
Several studies have shown that benzene metabolites produce greater toxicity when administered in combination (Guy et al, 1990; Eastmond et al, 1987) . In these studies, mixtures of metabolites were either administered in vivo or in the presence of peroxidase. It has been proposed that phenol acts as a cofactor for the peroxidase-mediated oxidation of hydroquinone or catechol to their respective benzoquinones within the bone marrow (Guy et al, 1990; Snyder et al, 1989; Smith et al, 1989) . In the present study, CFU-e were treated in vitro with binary mixtures of metabolites without the addition of metabolizing enzymes so that the cytotoxicities of the binary mixtures could be determined without the confounding factor of in situ metabolism.
CFU-e isolated from both adult and fetal males were more susceptible to the binary mixtures of metabolites than CFU-e isolated from the respective age-matched females ( Figs. 2A  and 2E ). For cells isolated from adults, 6 of the 10 binary mixtures produced significant reductions in colony growth of male CFU-e relative to female CFU-e ( Fig. 2A) . For cells isolated from fetal mice, 5 of the 10 binary mixtures produced significant reductions in colony growth of male CFU-e relative to female CFU-e (Fig. 2E) . None of the binary mixtures produced greater reductions in the growth of female CFU-e relative to male CFU-e. In contrast, no such pattern appeared when the relative responses of CFU-e from nonpregnant and pregnant females were compared (Fig. 2B) . These results are consistent with those seen after exposure of male and female mice to 10 ppm benzene in vivo. These exposures reduced the colony growth of CFU-e isolated from adult and fetal males but did not reduce the growth of CFU-e isolated from adult and fetal females (Corti and Snyder, 1996) . Since there is probably minimal in situ metabolism in the CFU-e culture system (Neun et al, 1992) , these results suggest that gender-related differences in cell susceptibilities may be partially responsible for the differential sensitivities observed between genders after exposure to benzene in vivo.
When comparisons are made between same-gender adults and fetuses (Figs. 2C and 2D ), fetal CFU-e are more resistant to the cytotoxic effects of the catechol-free binary mixtures and more susceptible to those binary mixtures that do contain catechol. These results indicate that fetal and adult CFU-e are different in their inherent sensitivity to benzene metabolites and support our hypothesis that gender-and age-related differences in susceptibility to benzene are due, in part, to intrinsic differences in target cell susceptibility.
